Abstract-Recent studies have shown that exposing human semen samples to cell phone radiation leads to a significant decline in sperm parameters. In daily living, a cell phone is usually kept in proximity to the groin, such as in a trouser pocket, separated from the testes by multiple layers of tissue. The aim of this study was to calculate the distance between cell phone and semen sample to set up an in vitro experiment that can mimic real life conditions (cell phone in trouser pocket separated by multiple tissue layers). For this reason, a computational model of scrotal tissues was designed by considering these separating layers, the results of which were used in a series of simulations using the Finite Difference Time Domain (FDTD) method. To provide an equivalent effect of multiple tissue layers, these results showed that the distance between a cell phone and semen sample should be 0.8 cm to 1.8 cm greater than the anticipated distance between a cell phone and the testes. Health Phys. 102(1):54 -62; 2012
INTRODUCTION
THE RAPID growth of cell phone use during the last decade has led to various health concerns (WHO 2006; Blank and Goodman 2008; Makker et al. 2009 ). Among these concerns, the effect of radiofrequency electromagnetic waves (RF-EMW) on male fertility has drawn much attention (Agarwal et al. 2008 . According to epidemiological studies performed in the last decade, a decline in male infertility seen recently in developed nations might be related in part to cell phone use (Davoudi et al. 2002; Fejes et al. 2005; Wdowiak et al. 2007; Agarwal et al. 2008 Agarwal et al. , 2009 . A published in vitro study from this laboratory supports that theory. The current results showed that even as little as 1 h of exposure to RF-EMW led to an increase in ROS (Reactive Oxygen Species) levels in semen samples, which in turn caused oxidative stress to occur (Agarwal et al. 2008 ). Moreover, these increased levels of ROS were linked to a decline in sperm parameters when semen samples were kept 2.5 cm from a cell phone.
It is difficult to accurately estimate the amount of RF-EMW the human testes are exposed to during a cell phone call because they are protected by multiple layers of tissue in the scrotum. In addition, the amount of exposure depends on the location of the radiation source. Many men carry their cell phone (on talk mode) close to the groin, in a trouser pocket for example, or clipped to a belt on their waist, while using an ear piece (Bluetooth) to handle their calls. This technology exposes the testes to a higher amount of radiation than a cell phone in the "stand by mode" in a trouser pocket. Therefore, a more realistic approach is needed to quantify the effects of RF-EMW on the male reproductive system.
Computational RF dosimetry has been used by previous researchers to calculate the amount of RF energy deposited in the "head of the user" (Beard and Kainz 2004; Christ et al. 2006) . Specifically, computational simulation has been used to estimate the amount of RF energy and specific absorbance rate (SAR) deposition in the heads of cell phone users. However, no study has reported on the use of the computational approach to study effects of RF-EMW on spermatozoa. Furthermore, there are no available guidelines in the literature for the setup of in vitro studies to mimic real-life conditions (Fig. 1) .
This study was conducted, therefore, to establish guidelines for future in vitro studies on human semen. It is anticipated that this equivalent distance will replicate the real life conditions of men who carry cellular phones near their reproductive organs. For different real life situations (e.g., cell phone in a pocket or at the belt), a range of in vitro testing setups can be established by adjusting the distance between the cell phone and a test tube (used to represent the semen sample). Note that the Bluetooth radiation emitted from the earpiece during a call was ignored due to the large distance between the ear and genitals and the fact that the radiation emitted from the Bluetooth is much less than that of the cell phone (Karygiannis et al. 2002) .
Aims and objectives
1. To define the models that represent testicular tissue and the cell phone radiation source (Fig. 1b) ; 2. To define the models representing the in vitro experiment with the source being in the air medium and the sample within the test tube (Fig. 1c) ; 3. To define the region of interest (ROI) in both models where the energy was compared;
4. To calculate the energy distribution for all models where the source was placed at different distances from the outermost layer in each model; and 5. To calculate and compare the mean values of energy density at the ROI in an anatomical model and in vitro model to establish the relationship between the range of distances in the tissue model and its corresponding range of equivalent distances in an in vitro experimental setting.
The results would relate the effects found in a previous experimental work (Agarwal et al. 2008 ) to a realistic cell phone usage scenario.
MATERIALS AND METHODS
The study was approved by the Cleveland Clinic Institutional Review Board. The study was completed in steps as follows. 
The anatomical lifelike model
A two-dimensional model of the testicular region was developed to represent the tissue layers in the scrotum consisting of integument, dartos, external spermatic fascia, cremaster, infundibular fascia, tunica vaginalis, tunica albugenia, seminiferous tubules, and spermatozoa (Casey et al. 1982; Clemente 1985) (Fig. 1) . Because the computer model was two-dimensional, only the thickness of the individual layers was represented and not the curvature of the scrotum. The range of tissue thicknesses for each of the tissue layers was obtained from the literature, and the most common values in an average adult male human were emphasized for comparison purposes. The scrotal wall thickness was commonly reported to be around 3 mm but can vary from 2 mm to 8 mm (Casey et al. 1982; Clemente 1985; Dogra et al. 2003; Standring 2004) . The variation in the thickness of the scrotum depends on different conditions such as the surrounding temperature, and it also differs from one person to another (Dogra et al. 2003) . The wall thickness of the seminiferous tubules was neglected since its thickness is considerably small (the whole diameter of a tubule is about 0.12 mm) compared to the other layers considered for modeling (Standring 2004) . However, different tissue thicknesses were considered for a sensitivity analysis to test if they had any significant effect on the results (see section "Simulation Conditions").
The tunics layer is very thin and measures only about 0.1-0.2 mm according to Casey et al. (1982) , while Copenhaver (1978) indicated that the tunica albuginea thickness is about 0.5 mm. The size of 0.5 mm was adopted for the basic simulation to account for the cavity of the tunica vaginalis and other small tissues of the septa between the tunica albuginea and the seminiferous tubules. The last layer was a fluid representing the spermatozoa and other cells inside the seminiferous tubules.
In vitro experimentation model
A two-dimensional model with the same computational cell size as the layered tissue model was developed to represent the cellular phone source. The resolution (size of computation cell) was dictated by a cell size of 0.05 cm for both models. A semen sample was placed in a test tube with the air medium filling the surroundings (Fig. 1) . The test tube was a standard polystyrene test tube with a 16-mm diameter and a 1-mm wall thickness. Because the fluid sample was placed in the test tube, the fluid layer thickness was set to 16 mm to match the diameter of the test tube.
Region of interest (ROI) for computational models
The fluid layer thickness in both models was chosen as 16 mm to correspond to the diameter of the test tube for comparison purposes, and the region of interest (ROI) was positioned at the center of the fluid layer. Therefore, for the in vitro setup, the ROI was positioned at the center of the fluid layer that was 0.8 cm from the testing tube layer. Also, for comparison purposes, the ROI for the anatomical model was considered in the layer representing the spermatozoa at 0.8 cm from the inner layer of the model (tunica albugenia).
Calculating energy distribution by RF dosimetry
The finite difference time domain method (FDTD) has been used to calculate RF-EMW exposure in the human brain (Bit-Babik et al. 2003) . Similarly, the amount of energy exposure to testicular tissues and spermatozoa caused by cell phone electromagnetic radiation can be predicted using this technique.
FDTD is a common computational technique used in electromagnetic applications to solve Maxwell's equations represented as partial differential equations (Taflove 2005). The technique relies on the discretization of the spatial and time domains by central difference approximations. Electrical and magnetic fields can be calculated at predesignated time points. The simulation then progresses and continues to the next time point until the final time is reached to terminate the simulation. Also, a current source was defined in the models to represent the electromagnetic effects of the cell phone. The geometries of the models were based on either the placement of a semen sample in a tube of known geometry or a layer of semen behind the tissue layers of the testicular region. The FDTD method quantifies the amount of energy density within a layer, and this is related to the specific absorption rate (SAR). The SAR is a major safety measure used to set a standardized limit for the amount of energy absorbed by body tissues. It is expressed in units of W kg Ϫ1 and is defined as (Barnes 2007) :
where E is the electric field strength, a vector field (N/C or the equivalent units of V m Ϫ1 ); is the conductivity of the medium (S m Ϫ1 ); and is the density of the tissue (kg m Ϫ3 ). SAR is commonly evaluated over a cubic volume, V, which contains a tissue mass of 1 g or 10 g (Bit-Babik et al. 2003) :
Another important measure of exposure that is directly proportional to SAR is the electric field energy density, u, defined as
where is the dielectric constant or the permittivity of the material (Tretyakov 2005) . Because all of the dielectric parameters-, , and -are constant for the same material under similar conditions, the only variable remaining in eqns (1), (2), and (3) is the electric field strength, E. Thus, for ease of comparison in this study, the electric field strength and the electric field energy density were the variables of interest to compare the energy distribution at the ROI.
To perform simulations using FDTD, this study used the open source software package Meep, MIT Electromagnetic Equation Propagation (ab-initio.mit.edu/wiki/ index.php/Meep), which was developed for electromagnetic field simulations (Gajsek et al. 2001; Farjadpour et al. 2006) . The predictions of the electric field in the models were post-processed using IPython (ipython.scipy. org/), an interactive Python programming environment using PyTables (www.pytables.org) to access Meep results stored in Hierarchical Data Format (HDF5); NumPy (numpy.scipy.org/) to perform matrix operations; and matplotlib (matplotlib.sourceforge.net/) for visualization. Based on the data generated by Meep, these tools were used to calculate the mean values of the energy density at the ROI and to illustrate the energy distribution throughout the models under all conditions considered for comparison. The final results for equivalent displacement calculations were conducted using OpenOffice.org Calc (www.openoffice.org/) and Excel (Microsoft Corp, Redmond, WA).
Dielectric parameters
The dielectric parameters (the relative permittivity, r , and electrical conductivity, ) for each layer were obtained from the literature (Gabriel et al. 1996; Christ et al. 2006 ) and using calculations provided by the Italian National Research Council, IFAC (niremf.ifac.cnr.it/ tissprop/htmlclie/htmlclie.htm#stsftag) at 900 MHz and 1,800 MHz frequencies (Table 1 ). The dielectric parameters of semen at the specified frequencies were not found in the literature. However, since the water content of a biological tissue is the factor that has the most influence on its dielectric properties (Christ et al. 2006) , it is likely that the choice of any body fluid would be adequate for comparison purposes, especially when the same type of fluid is used in all compared models. In this study, the dielectric properties of blood were used for the fluid layer to represent the semen layer in the experimental-and tissue-layered models. The dielectric parameters of the testis were used to represent the tunic layer. The air medium was selected to be the default medium that separated the cell phone source and the tissue layers and filled in the rest of the model.
The overall width and height of the modeled area were 200 mm and 300 mm, respectively. This size allowed the simulation of the electric field at the ROI without undesirable effects of the model boundaries. This computational domain size was calculated by gradually enlarging the domain of calculation until stable conditions were reached. At that point, no additional numerical change was noticed by further enlargement. This change in computational domain size was intended to eliminate any numerical disruption that might occur due to the proximity of the absorbing perfectly matched layers (PML) located at the computational cell boundaries (Laakso et al. 2007 ). In FDTD simulations, PML prevents reflection of electromagnetic waves.
The relative permittivity and conductivity of the polystyrene tube was found to be 2.56 (Yang 1996) and 1E-16 S/m (www.bistra.com.tr/deu_kimyacielkitabi.asp), respectively. For the semen layer, the same fluid dielectric parameters used in the layered tissue model were applied.
Simulation conditions
As explained in Fig. 2 , the source was located at the center of the horizontal axis (x-axis) and at a certain distance from the outermost layer on the vertical axis (Y-axis) in each model. Simulations were conducted for two current source types representing the cell phone antenna-point (onedimensional) and line (two-dimensional)-in order to compare the effect of antenna size on energy density distribution. To closely mimic a 3.5-cm loop antenna, which was used in this in vitro pilot study, the line source length was selected to be 3.5 cm on the x-axis. Two different frequencies were used to compare the energy densities generated by the frequency bands that are common in most parts of the world: 900 MHz and 1,800 MHz. The distance between the source and outermost layer (vertical) was varied between 0.5 cm and 9 cm in the tissue layer model and between 0.5 cm and 7.5 cm in the experimental setup model. Each simulation lasted for a 10-cycle duration of the electromagnetic field signals. For each model and each simulation condition, the time history of the electromagnetic field distribution was calculated in addition to electric field energy density. In the ROI, the average of the electric field energy density during the simulations was also calculated over the steady state results. These values were used to find equivalent source locations between real life and in vitro experimentation conditions providing a similar average electromagnetic effect.
Sensitivity analysis
A sensitivity analysis was performed to estimate the influence of uncertainty in tissue thickness on the simulations. A point source at a frequency of 900 MHz located 2.5 cm from the outermost tissue layer was used with varying tissue thickness values. A total of six models were developed. The distance between the source and the outmost layer was fixed at 2.5 cm. The scrotal wall thicknesses were varied from 2 mm to 8 mm, with the tunics tissues fixed at 0.2 mm. The tunics layer thickness was also tested at 0.2 mm and 0.5 mm, according to numbers reported in the literature (Casey et al. 1982) (Table 2 ). In each model, the mean value of the energy density in the ROI was calculated. Also, the size of the computational cell was decreased to make sure there were no artifacts due to discretization. This model was tested from 10 -4,000 pixels m Ϫ1 , and after 2,000, there was no more change and a steady state was reached.
RESULTS
In Fig. 2a , the electric field energy density throughout the base layered tissue model is shown. In this simulation, a line source at 900 MHz was placed 2.5 cm from the scrotal skin layer (the thickness chosen for the scrotal wall was 3 mm, and the thickness chosen for the tunics area was 0.5 mm). The electric field energy density was higher for the regions closer to the source, as expected (Fig. 2) . Fig. 2b depicts the electric field energy density, u, at the ROI as a function of time. The waveform in this figure shows the highest values at the beginning of the time cycle followed by a steady sinusoidal waveform with a mean energy density of 1.44 ϫ 10 Ϫ8 . The results of Meep were normalized, so no unit was assigned for these values.
The electric field energy density distribution and the corresponding waveforms at the ROI are provided in Figs. 3a and b, respectively, for the experimental air-tube model. In this case, the source was positioned 3.3 cm from the first tube layer. The mean value of u calculated at the ROI for the latter model was 1.404 ϫ 10 Ϫ8 . The energy density values at the ROI of this experimental model were the closest match to the values at the ROI in the layered tissue model described in Fig. 2 .
The two models were simulated for a range of source locations (distance from outermost tissue or tube boundary), and the mean values of the electric field energy densities were extracted in all cases. The mean values of the electric field energy density in the lifelike model at certain distances were matched with their equivalent values in the experimental model. For each matching energy density value in the experimental model, the corresponding equivalent distance in the lifelike model was noted. Based on this comparison, the line charts in Fig. 3 were constructed to illustrate these values and relate all distances tested in the layered tissue model to their corresponding equivalents in the experimental model.
The simulations were repeated with a point source replacing the line source to determine the effect of the antenna size on the energy density values. The energy density was significantly higher when a point source was used. While the absolute magnitudes of the electric field changed when using a point source instead of a line source, the relative relationship between electric fields predicted for the anatomical model and the in vivo conditions remained similar. Therefore, an equivalent distance obtained from point source simulations will likely apply under line source conditions.
A source with an 1,800 MHz frequency was used in place of the 900 MHz source for both models to evaluate the effect of this frequency band on the energy distribution in the ROI. The distance between the source and the outermost tissue layer was fixed at 2.5 cm for the lifelike model. The simulation result of this model resulted in a mean average electric field energy density, u, at the ROI of 1.897 ϫ 10 Ϫ8 . The closest match between the experimental model at 1,800 MHz and the lifelike model occurred when the source was 3.3 cm from the tube layer, which had an amount of energy density that averaged 1.809 ϫ 10 Ϫ8 at the ROI.
DISCUSSION AND CONCLUSION
In the present study, the relationship between an in vitro experimental setup and real life conditions was established where men conduct cell phone conversations Table 2 . Layered tissue models tested with different thicknesses with the radiation source 2.5 cm from the outmost layer. Model 3 is the base layered tissue model selected for major simulations. via an earpiece with the handset carried near the testicular region. Overall, the study showed that the electromagnetic signals emitted by a cell phone can penetrate the testicular tissues and reach the spermatozoa contained in the seminiferous tubules inside the testis when the cell phone is placed nearby during a call. However, the amount of energy absorbed in that region was lower than the amount absorbed by a semen sample in a test tube. This decrease in the energy density at the ROI in the lifelike model was due to the testicular tissues that separate the cell phone and the spermatozoa. The permittivities of these tissues were considerably higher than the permittivity of air, so the tissues absorbed more of the energy radiated from the cell phone than the air did. Moreover, the thickness of these tissues caused an increase in the actual distance between the source and ROI. During experimentation, a similar SAR value could be obtained by placing the cell phone a few centimeters farther away from the semen sample than the location of the actual phone in the life-like model. The difference in distance that must be considered to equalize the two settings ranged from about 0.8 cm to 1.8 cm. As depicted in Fig. 3 , this difference became larger as the source was placed farther away from the layers where the energy density was reaching a steady state in the ROI (in a steady state energy density, changing the distance had no more effect on the energy density values). For example, if the phone antenna was 1.5 cm away from the reproductive organs in an average male human, the phone antenna should be positioned 2.5 cm from the testing tube to represent a similar effect (Fig. 3b) . This relationship suggests that the effect on fertility found in the in vitro study performed by Agarwal et al. (2008 Agarwal et al. ( , 2009 , where the phone was placed 2.5 cm away from the testing tube, would be similar if the phone was placed 1.5 cm from the male's reproductive organs in real life. Fig. 3 also provides guidelines for the equivalent distances that must be considered when performing an in vitro experiment to mimic real life conditions.
The results shown in Table 2 illustrate how the energy density, u, decreases in the ROI as the tissues thicken. The model tested with the thickest range of tissue layers showed a 22% lower mean value of u at the ROI than the model with the thinnest layers. The difference between the distance in the lifelike model and its equivalent distance in the experimental model was increased from 0.8 cm for the thinnest model to 1.8 cm for the thickest model (Table 2) . Thus, the energy density results are sensitive to tissue thicknesses. The authors advise that before performing an in vitro experiment, the measurements of the tissue thicknesses of the subject should be noted or the distances corresponding to the tissue thicknesses for an average male human should be considered, as in the base model considered for this study.
In both setup conditions, the models tested at 1,800 MHz frequency were about 24% higher in energy density, u, than the corresponding models at 900 MHz when the source was 2.5 cm from the outermost layer, and 20% higher when the source was 3.5 cm from the outermost layer. These results are congruent with the findings of Flyckt et al. (2007) , Martínez-Búrdalo et al. (2001), and Dimbylow (1993) who reported higher SAR values in the head and eye regions at 1,800 MHz than at 900 MHz. Despite the increase in energy density in the 1,800 MHz models, the distance relationship between the lifelike model and the experimental model remained the same for both frequency bands.
It was found that the closest match to the tissue layered model that had the source 2.5 cm from the outer tissue layer was the experimental model that had the source approximately 3.3 cm from the test tube layer for both the 900 MHz and the 1,800 MHz bands. This suggests that the same range of equivalent distances provided in Fig. 3 for the models at 900 MHz can also be used for a source operating at 1,800 MHz. Furthermore, the energy density values became higher as the source size became smaller, as indicated from the analysis that used the point source (Fig. 4) . The radiated energy from the current source was distributed along the source so the power and energy were more scattered in the surrounding area. This resulted in a decrease in the energy density as the source size increased, provided that both the ROI and the source were positioned at the center of the x-axis. This difference, however, did not affect the relation of the source-layer separation distance as long as the same source was considered for both settings (Fig. 4) , but it agrees with the finding of Mohammed and Hult (2007) and Xiao et al. (2008) that the antenna size and type effect the SAR and energy density. Therefore, the distance guide provided in this study (Fig. 3b) will likely qualify for different antenna sizes and for the 900/1,800 MHz frequency bands, as long as the same source is considered for both the experimental and the lifelike conditions.
Another experimental model was tested after eliminating the test tube layer to examine its effect on the results. The difference in the mean value of the energy density between the two simulations (with and without the test tube) was only 1.5%. From this result, one can infer that the polystyrene test tube did not have a significant effect on the energy density values at the ROI. This was due to the thin walls and low permittivity of the polystyrene test tubes. Therefore, it is likely that the relative relationship between the distances predicted for the experimental and the lifelike models will remain similar if test tubes of other types with similar permittivity and similar wall thickness, such as the standard propylene tubes, were used.
This study has some limitations. A two-dimensional model simulation was used instead of a three-dimensional model. It is possible to develop a complex threedimensional model representative of intrinsic anatomical details and cell phone characteristics. Such an approach will likely allow one to predict the electric field with an increased accuracy, but the improvement on the precision of comparing different conditions (e.g., anatomical vs. in vivo) may not be dramatic. This work required multiple simulations to be conducted, which may be computationally challenging when three-dimensional models are used. In addition, a three-dimensional model will also require a full anatomical reconstruction, which may not be cost-effective when interest lies in relative changes between conditions. In addition, the lifelike model did not consider the potential additional effects that layers of clothing might have on the results (Chen 2003) . Finally, the use of the RF current source in this modeling simulation instead of a cell phone model was another limiting factor. This was thought to be sufficient for comparison purposes as long as the same source was used in both basic modeling conditions.
In conclusion, these results showed that the electromagnetic signals emitted by a cell phone can penetrate testicular tissues when the phone is kept near the groin during a call. This study also establishes a relationship between an in vitro experimental setup and the real life conditions of men when they conduct a cell phone conversation via an earpiece with the handset within a close proximity to their reproductive organs. Simulation using the Finite Difference Time Domain (FDTD) method demonstrated that the distance between a cell phone and semen sample should be 0.8 cm to 1.8 cm greater than the anticipated distance between the cell phone and testes. The results of this study can be used as the basis to calculate the distance between a radiation source and a semen sample and to set up an in vitro experiment that will mimic real life conditions. This study was the first step in a series of related studies that might follow.
